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FLOYD C. RECTOR, MD*: Great advances have been made in
the treatment ofhypertension, and long-term therapy has

proved effective in reducing the risk of cardiovascular dis-
ease. The costs and complications of current therapy are of-
ten troublesome, and the development ofmore effective treat-
ment ultimately requires defining the mechanisms underlying
the disease. For common, "essential" hypertension, these
mechanisms are unknown, but several attractive and instruc-
tive theories have been proposed. Harlan Ives, MD, Chiefof
the Division ofNephrology, has been active in studies ofthese
theories and reviews their promise and problems in efforts to
better understand and more effectively treat the disease.

HARLAN E. IVES, MD, PhDt: Despite intensive research over
many years, the pathogenesis of essential hypertension re-
mains mysterious. Patients with essential hypertension do
not have the high circulating levels of renin that character-
ize renal artery stenosis, nor do they have the volume over-
load and suppressed renin-angiotensin system that charac-
terizes primary hyperaldosteronism. At an intravascular
volume that is close to normal, patients with essential hy-
pertension maintain an elevated vasomotor tone, or an ele-
vated vasomotor tone develops with increased salt intake. A
mechanism is needed to explain this increased vasomotor
tone.

One of the major hypotheses for the pathogenesis of
essential hypertension focuses on the ion transport systems
that regulate salt excretion by the kidney and that also
control the intracellular ionic milieu of all cells. It is pro-
posed that factors that regulate salt transport by renal epi-
thelial cells may also affect the intracellular ionic milieu in
vascular smooth muscle cells. By altering the intracellular
sodium (Na+), calcium (Ca2 + ), hydrogen (H+), or other ions,
these transport systems have the potential to regulate vas-
cular smooth muscle contractile activity. Defects in the ac-
tivity or regulation of one or more of these transport sys-
tems have been proposed to cause certain forms of
hypertension. In this review I will critically assess the basis
for this contention and propose several areas for future in-
vestigation into the pathogenesis of essential hypertension.

*Professor and Chair, Department of Medicine, University of California, San Fran-
cisco (UCSF), School of Medicine.

tChief, Division of Nephrology, Cardiovascular Research Institute, UCSF.

Ion Transport Defects and Hypertension
Most of the recent thinking on the role of ion transport

defects in hypertension flows from the hypothesis, first
broached by Haddy and Overbeck' and by Blaustein,2 that
essential hypertension is caused by the production of circu-
lating Na+ transport inhibitors acting on renal epithelial
cells and vascular smooth muscle cells. This hypothesis
drew much of its force from earlier observations by Dahl
and co-workers that salt-sensitive hypertension in rats
could be transferred by renal transplantation or by the ex-
change of fluids in parabiotic experiments.3 This led to the
idea that, in response to salt loading, the kidney produces a
circulating substance that causes both natriuresis and
vasoconstriction. Work carried out over a number of years
by Overbeck, Pamnani, Clough, and Haddy (reviewed by
Haddy and Overbeck') suggested that this circulating sub-
stance might be an inhibitor of the Na+-potassium ion (K+)
adenosine triphosphatase (ATPase), or Na+, pump. Such an
inhibitor would cause natriuresis by reducing Na+ reab-
sorption by renal epithelial cells.

Sodium pump inhibitors would also be expected to affect
vascular smooth muscle function. In these cells, the inhibi-
tors would cause the cell Na+ content and volume to rise and
the membrane potential to fall. Blaustein argued that in-
creased intracellular Na+, acting on a plasma membrane
Na+-Ca2+ exchange system, would then lead to increased
intracellular Ca2+ (Figure 1).2 Increased vascular smooth
muscle cell Ca2+, by its well-known action on the contractile
machinery, would in turn lead to the contraction of vascular
smooth muscle cells or increased responsiveness to vaso-
constrictors. Increased vascular tone would raise the blood
pressure, contributing to the desired natriuresis. In normo-
tensive persons, a steady state would be achieved wherein
Na+ intake would be matched by Na+ excretion at a plasma
volume and blood pressure close to normal. A "salt-
sensitive" hypertensive person, by failing to excrete the Na+
load at an adequate rate, would remain volume overloaded,
would continuously produce the natriuretic or hypertensive
substance, and would become chronically hypertensive as
long as salt intake remained unchanged.

This hypothesis, while seductive in its simplicity and
broad explanatory power, has never been adequately sub-

This work is supported in part by grants (DK-34127 and HL-41210) from the National Institutes of Health and from the National Dairy Board (administered in
cooperation with the National Dairy Council). Dr Ives is an Established Investigator of the American Heart Association.

Reprint requests to Department of Medicine, University of California, San Francisco, School of Medicine, San Francisco, CA 94143.



ESSENTIAL HYPERTENSION

ABBREVIATIONS USED IN TEXT
ATPase = adenosine triphosphatase
UCSF = University of California, San Francisco

stantiated. Numerous studies by various investigators have
examined the Na+-K+ ATPase activity, as well as a number
of putative circulating inhibitors (digitalis-"like" factors)
in normotensive and hypertensive persons. Space prohibits
a thorough review of this information, which has been ex-
tensively reviewed elsewhere. Studies of both human and
experimental hypertension, however, have failed to show a
consistent correlation between Na+-K+ATPase activity and
blood pressure. While circulating inhibitors of the Na+
pump have been found,4 their precise chemical makeup is
not clear, the stimulus to their production is unknown, and,
most important, it is not known whether they actually
cause hypertension. In a recent provocative editorial, Kelly
and Smith even question the assumption that the digitalis
binding site on the Na+-K+ ATPase is the receptor for a
circulating factor.5 They raise the possibility that this site
may play a role in intracellular trafficking of the enzyme.
The only convincing natriuretic substance found thus far,
atrial natriuretic factor, is not a potent inhibitor of Na+-K+
ATPase, and, contrary to the hypothesis outlined above, it is
not a vasoconstrictor but a vasodilator.

Variants of the Haddy-Blaustein hypothesis argue that
abnormal cell Na+ in vascular smooth muscle cells might
not arise from decreased Na+ efflux through Na+-K+
ATPase but, rather, from increased Na+ uptake through
Na+-entry pathways. A similar defect on the apical mem-
brane of renal epithelial cells would enhance renal sodium
reabsorption and thus reduce urinary Na+ excretion. Such
increased Na+ entry into renal epithelial cells would not be
expected as a response to volume overload but, rather, may

Figure 1.-The Blaustein hypothesis proposes that circulating sodium ion (Na+)
transport inhibitors elaborated during volume overload might lead to a con-

traction of vascular smooth muscle cells by an elevation in the intracellular
calcium ion (Ca2) concentration. ATPase=adenosine triphosphatase

play a role in the development of volume overload. Sodium
entry pathways that could participate in enhanced Na+ up-
take include the Na+-H+ exchanger, the Na+, K+, chloride
(Cl-) transporter, and the Na+ channel. Of these, the system
that has received the most recent attention is the Na+-H+
exchanger.

Sodium-Lithium and Sodium-Hydrogen Exchange
The possibility that Na+-H+ exchange might be involved

in the development of hypertension was first brought for-
ward after the discovery ten years ago that erythrocytes
from hypertensive patients have increased erythrocyte Na+-
lithium (Li+) exchange activity when compared with nor-
motensive persons.6 While it is still not clear what role the
Na+-Li+ countertransport plays in cellular physiology, it
seems plausible that this system represents a mode of oper-
ation of the ubiquitous Na+-H+ exchanger. Among its many
functions, the Na+-H+ exchanger is the most important Na+
uptake pathway on the apical membrane of the proximal
tubule epithelial cell and therefore plays an essential role in
Na+ transport by this nephron segment (Figure 2). It is still
not known whether red cell Na+-Li+ exchange and proximal
tubule Na+-H+ exchange represent the same transport sys-
tem, but it is known that Li+ is an excellent substrate for the
Na+-H+ exchanger7 and that protons interact with the
erythrocyte Na+-Li+ exchanger.8 On the other hand, Na+-
H+ exchange is amiloride sensitive,7 but erythrocyte Na+-
Li+ exchange is resistant to this agent.9 Taken together, the
data seem to suggest that the renal Na+-H+ exchanger and
the red cell Na+-Li+ countertransport system are not identi-
cal but may represent different modes of operation of the
same or related transport systems.

The idea that Na+-H+ exchange is involved in the patho-
genesis of hypertension has been bolstered by several recent
observations. First, cultured vascular smooth muscle cells
from spontaneously hypertensive rats had significantly
higher Na+-H+ exchange activity than cells from normoten-
sive Wistar-Kyoto rats.10 In other work, intact blood vessels
from 5-week-old spontaneously hypertensive rats were
more alkaline than similar vessels from Wistar-Kyoto rats,
possibly due to increased Na+-H+ exchange in the former. A
study in humans also supports the idea that hypertension is
related to increased activity of Na+-H+ exchange. Platelets
from untreated hypertensive subjects exhibited enhanced
swelling on adding sodium propionate when compared with
normal controls."I This activity is probably due to increased
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Figure 2.-The sodium-hydrogen ion (Na+-H+) exchanger is found in virtually
all cells and is responsible for removing acid generated by metabolic processes
within the cell. The Na+-H+ exchanger uses as its energy source the Na+
gradient generated by the Na+ pump. In renal proximal tubule epithelial cells,
the Na+-H+ exchanger is localized to the tubular lumen, and the Na+ pump is on
the opposite side of the cell, facing the circulation. This disposition of the
transport systems enables the cell to effect net transepithelial Na+ absorption
and H+ secretion. The fact that common ion transporters are used by renal
epithelial cells to effect salt transport raises the possibility that agents which
regulate salt transport in the kidney might also affect the intracellular ionic
milieu in other cells, including vascular smooth muscle cells. ATP=adenosine
triphosphate
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Na+-H+ exchange in the platelets obtained from hyperten-
sive subjects.

Is increased activity of Na+-H+ or Na+-Li+ exchange
causally related to hypertension, or is it an epiphenomenon
arising from other alterations in erythrocytes, platelets, and
smooth muscle cells from diseased arteries? Before trying to
answer this question, we should briefly consider the mecha-
nisms by which Na+-H+ exchange activity can be increased.
The regulation of the Na+-H+ exchanger in vascular smooth
muscle is complex and appears to involve allosteric mecha-
nisms, covalent modification, de novo synthesis, and physi-
cal alterations of the membrane. The binding constants for
Na4 and H+ on the exchanger are close to their physiologic
concentrations within the cell. Therefore, changes in the
cell pH or cell Na+ will affect exchanger activity allosteri-
cally. Numerous growth factors and vasoconstrictors (in-
cluding angiotensin II, vasopressin, and endothelin) acti-
vate the exchanger through second messenger systems.
These have not been fully elucidated, but one such messen-
ger appears to be diacylglycerol, acting on protein kinase C.
This enzyme presumably phosphorylates the exchanger or a
related membrane protein. Certain hormones (thyroid, glu-
cocorticoids) and environmental factors (acidosis, hypoka-
lemia) appear to increase renal epithelial Na+-H+ exchange
over hours to days, probably by de novo synthesis of the
transporter. This phenomenon may also occur in vascular
smooth muscle, but this has not been carefully examined.
Finally, osmotic agents through cell shrinkage dramatically
activate the exchanger in many cell types, including vascu-
lar smooth muscle. The point of this brief summary is that
increased Na+-H+ exchange activity might be a primary
defect in hypertension, or, more likely, it might be a second-
ary phenomenon arising from altered intracellular Na+ or
pH, increased angiotensin II, vasopressin, endothelin, glu-
cocorticoids, or even shape changes in the cells under study.
To date, there is no convincing evidence that increased Na+-
H+ exchange is a primary defect in hypertension.

Canessa and colleagues and other investigators have
found that hypertensive subjects and their normotensive
relatives exhibited comparably increased erythrocyte Na+-
Li+ countertransport, suggesting that increased activity
may be a predisposing genetic factor but that it does not
itself cause increased blood pressure.6 Several groups have
reported lower rates of red cell Na+-Li+ countertransport in
African Americans compared with whites; furthermore,
they find no relationship between transport and blood pres-
sure in African Americans.12 With regard to Na+-H+ ex-
change, Livne and associates found that patients with
treated hypertension had significantly lower rates of plate-
let Na+-H+ exchange than those with untreated hyperten-
sion.I1 These findings suggest that differences in the pheno-
typic expression or activation of the Na+-H+ exchange may
be associated with hypertension but actually argue against
a causal role for increased transport in the disease.

If increased Na+-H+ exchange is indeed a primary defect
in essential hypertension, the link between its operation
and increased vasomotor tone has yet to be made. Increased
Na+-H+ exchange activity could have several effects on the
vascular smooth muscle cell, including increased cell Na+,
increased pH, and increased cell volume. According to the
Blaustein hypothesis, increased cell Na+ would elevate cell
Ca2+ by action of the Na+-Ca2+ exchange system.2 Sodium-
calcium exchange has a well-established role in Ca2+ metab-
olism in nerve and cardiac muscle where it was originally
described. Although Na+-Ca2+ exchange activity has been
found by a number of investigators both in intact vascular

smooth muscle cells13 and in plasma membranes from these
cells,14 its physiologic role in vascular smooth muscle has
been surprisingly difficult to ascertain.

Sodium-Calcium Exchange
Isolated plasma membrane vesicles have been the prepa-

ration of choice for the study of many membrane transport
systems. Unfortunately, Na+-Ca2+ exchange activity in
smooth muscle membranes appears to be low, at most 1% of
that found in cardiac muscle membranes.14 This may be due
to a loss of activity or activating factors in the preparation.
Alternatively, Na+-Ca2+ exchange may not be abundant in
smooth muscle.

Early studies with intact vascular smooth muscle sys-
tems clearly showed that replacing medium Na+ with other
cations significantly increased isotopic Ca2+ influx and
caused contraction of vascular strips (reviewed by Blau-
stein2). These findings were interpreted to mean that the
plasma membrane of vascular smooth muscle cells contains
an Na+-Ca2+ exchange system and that Na+ removal leads
to rapid Na+ efflux and Ca2+ entry. The removal of extracel-
lular Na+, however, is a drastic maneuver with several po-
tential nonspecific effects. These include alterations in sur-
face charge, membrane potential, Ca24 or other ion channel
activity, and Na+ pump activity. Any of these secondary
effects could alter the contractile state or Ca2+ transport
nonspecifically. The interpretation of such experiments is
also clouded by the possibility of Na+-Ca2+ exchange at
extracellular Ca2+ binding sites. More recently, Smith and
co-workers have found that the removal of extracellular Na+
reveals abundant Na+-Ca2+ exchange activity in cultured
aortic smooth muscle cells. Such activity is latent, however,
unless the cell Na+ content is raised from the basal value of 7
mmol per liter to approximately 25 mmol per liter. 13 In the
platelet, a cell often used as a model for vascular smooth
muscle, neither Na+ removal nor ouabain alter the intracel-
lular Ca2+.15 Thus, Na+-Ca2+ exchange has been an elusive
link in transport theories of hypertension. Further work in
this area is essential before we can accept the idea that this
transport system plays a central role in the pathogenesis of
hypertension.

Sodium-Hydrogen Exchange and Intracellular
Calcium: Is There a Link?

Even if we accept the hypothesis that Na+-Ca2+ ex-
changers play an important role in vascular smooth muscle
Ca24 metabolism, it is not clear that physiologic changes in
intracellular Na+ are sufficient to alter cell Ca2+ signifi-
cantly in vascular smooth muscle. Blaustein argued that the
Na+-Ca2+ exchange would carry three Na+ ions and would
therefore be highly sensitive to small changes in Na+ con-
centration.2 To test this hypothesis, Mitsuhashi, working in
my laboratory, asked whether physiologic alterations in the
Na+-H+ exchange activity would alter intracellular Ca2+ in
cultured vascular smooth muscle cells.16 She used three po-
tent stimuli of Na+-H+ exchange. The first was phorbol
myristate acetate, which works by activating protein kinase
C and which is also known to cause contraction of vascular
smooth muscle. The second was osmotically induced cell
shrinkage, and the third was cell acidification by ammo-
nium chloride prepulse. Surprisingly, all three stimuli acti-
vated the Na+-H+ exchange as expected, but none of them
had any measurable effect on the intracellular Ca24 .16 Other
investigators, working with different cell types, have shown
that in some cases phorbol esters activate the Na+-H+ ex-
changer but actually decrease the cell Ca24 content.17 If
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such potent stimuli ofNa+-H+ exchange do not increase the
cell Ca2+ concentration, it is difficult to envisage how small
changes in the Na+-H+ exchange such as those reported in
platelets"1 could be expected to increase the cell Ca2+ con-
tent.

Calcium and the Mechanism of Contraction of
Vascular Smooth Muscle

Most hypotheses linking abnormalities in ion transport
to hypertension consider intracellular Ca2+ as the final com-
mon mediator of vascular tone. It is surprising that this
assumption receives relatively little debate because the con-
trol of vascular smooth muscle tone appears to be more
complex than this. Assumptions about the primacy of Ca2+
regulation in vascular smooth muscle derive from well-
established information obtained from skeletal and cardiac
muscle. In these systems, the myosin ATPase is regulated by
the troponin-tropomyosin system. Calcium binds to tro-
ponin C, causing a conformational change that is transmit-
ted to the remainder of the troponin complex and to tropo-
myosin. These conformational changes allow actin to
interact with myosin and to activate the myosin ATPase.
Myosin-ATPase activity induces movement of the myosin
head along the actin strand. Thus, contractile force and cell
Ca2+ appear to be well correlated in skeletal and cardiac
muscle.

Smooth muscle myosin ATPase is not regulated in this
way. In smooth muscle, the regulation of contractile activ-
ity occurs on the myosin filament itself. One of the compo-
nents of the myosin head, the myosin light chain, can be
reversibly phosphorylated. Myosin light-chain kinase, an
exquisitely Ca2+-sensitive enzyme, is one of several enzymes
that phosphorylate the myosin light chain. After membrane
depolarization or hormonal activation, smooth muscle cell
Ca2+ rises, the myosin light chain becomes phosphorylated,
and a contractile force develops.'8 In tracheal smooth mus-
cle, there is a close relationship between the level of intra-
cellular Ca2+ and myosin light-chain phosphate content;
moreover, this relationship is invariant for several hormonal
agonists and a Ca2+ ionophore. In response to a variety of
agonists, light-chain phosphate content also correlates well
with the initial shortening velocity of vascular smooth mus-
cle strips.19 Thus, it seems likely that contraction is initi-
ated by a rise in the cell Ca2+ content that leads to activation
of the myosin light-chain kinase, an increase in light-chain
phosphate content, and the development of tension.

Unfortunately, this straightforward model of smooth
muscle contraction cannot explain all aspects of the smooth
muscle contractile response. Several types of experiments
have shown that the relationship between intracellular Ca2+
and light-chain phosphate content can be dissociated when
the two variables are measured and compared after hor-
mone action versus membrane depolarization. More impor-
tant, the relationship between intracellular Ca2+ and con-
tractile force in vascular smooth muscle is not unique. In rat
aortic smooth muscle, norepinephrine caused contraction
at considerably lower Ca2+ levels than did ionomycin, a Ca2 +
ionophore.19 In fact, contraction in response to low concen-
trations of norepinephrine was found in the absence of de-
monstrable rises in the cell Ca2 content.19 As mentioned
earlier, the activation of protein kinase C by phorbol esters
causes contraction of vascular smooth muscle without rais-
ing the cell Ca2' content measurably. Even more surprising
is the finding that carbachol (a contractile agonist) and
isoproterenol (a smooth muscle relaxant) both raised the
Ca2+ levels equally in tracheal smooth muscle strips.20

The role of Ca2+ in determining vascular tone is even less
clear when considering the tonically contracted vascular
smooth muscle cell. After the initial development of a con-
tractile force, the cell contractile system enters the "latch"
state, in which tension is maintained despite a greatly di-
minished rate of cross-bridge formation and adenosine tri-
phosphate use.18 Because hypertension is probably due to
tonic increases in smooth muscle tone and not to transient
increases, this latch state is of great importance in under-
standing hypertension. Yet, remarkably little is known
about how this state of contraction is maintained. What is
known is that during maintained contraction, cell Ca2+ and
myosin light-chain phosphorylation levels actually fall to
basal or near-basal levels. Recent evidence in molluscan
smooth muscle shows that the "catch" state, analogous to
the latch state in mammalian smooth muscle, is maintained
with cell Ca2+ at its basal level.2' Moreover, relaxation of the
catch state involves no change in cell Ca2+ concentration.
Thus, latch states appear to be maintained by increasing
the sensitivity of the contractile machinery to Ca2+ or, alter-
natively, by a Ca2+-independent mechanism. Much more
needs to be learned about the maintenance of these smooth
muscle latch states before we can understand the mainte-
nance of vascular tone.

In summary, Ca2+ is probably not the sole actor in the
contraction of vascular smooth muscle cells. At the least,
some agents, like norepinephrine, appear to increase the
cell Ca2+ concentration and to also increase the sensitivity
of the contractile mechanism to Ca2+. The data do not have
to be stretched far to suggest that Ca2+-independent modes
of contraction may also exist. Thus, models of hypertension
are not forced to include increased cell Ca2+ content as the
basis for the defect. Rather, in some persons, hypertension
may be due to an altered sensitivity of the vascular con-
tractile system to Ca2+ or even to Ca2+-independent pro-
cesses.

Some Possible Future Directions
Where should we now turn in the quest for a pathophysi-

ologic basis for essential hypertension? Abnormalities in
ion transport, as discussed, may yet hold the key to under-
standing the disease, but the missing links in this theory are
still significant. Rather than discussing all other potential
avenues for research in essential hypertension, I will limit
my discussion to three areas that appear to hold promise for
the future. The first is the existence of local renin-angioten-
sin systems in the vasculature and other tissues, the second
is control of vascular tone by the endothelium, and the last
is the role of smooth muscle cell hypertrophy in hyperten-
sion.

Local Renin-Angiotensin Systems
The role of the circulating renin-angiotensin system in

the control of blood pressure has long been appreciated.
More recent evidence indicates that the components of the
renin-angiotensin system are produced locally in several
tissues other than the kidney. Renin or angiotensin pro-
duced by these local systems may influence the blood pres-
sure without ever reaching the circulation.

As long ago as the 1960s, there were indications that
some renin is found in isolated blood vessels. While it is still
not clear how much of this renin is produced locally and
how much is trapped from the circulation, there is evidence
that renin is produced in vascular smooth muscle cells,22
and other evidence suggests that angiotensinogen and an-
giotensin-converting enzyme are also present in the vessel
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wall. These data led to the hypothesis that angiotensin II
produced within the vessel wall plays an important role in
the control of blood pressure.23 The existence of this system
may explain why many hypertensive persons with normal
or low levels of circulating renin respond well to converting-
enzyme blockade.24

The renin-angiotensin system has also been found in
other tissues, including the adrenal gland, brain, and pla-
centa. A recent experiment using transgenic rats provides
further support for the notion that locally produced renin
and angiotensin may play a role in hypertension. Transfer of
the mouse ren-2 renin gene to rats caused severe hyperten-
sion in virtually all offspring expressing the gene product.25
The hypertension was at least partially correctable with
converting enzyme inhibitors. Surprisingly, circulating re-
nin, angiotensin I, and angiotensin II were all suppressed in
these animals. Of the tissues examined, the adrenal gland
showed the highest levels of expression of the transgene.
Thus, the adrenal gland may be another site where the re-
nin-angiotensin system can influence the blood pressure
without entering the circulation.

The Endothelium and Vascular Tone
Newly discovered vasoactive substances produced by

the endothelial cell may also play a crucial role in the devel-
opment of hypertension.26 These substances may act di-
rectly on adjacent smooth muscle cells and affect vasomotor
tone without entering the circulation. An excellent example
of this phenomenon is the endothelium-derived relaxing
factor, discovered by Furchgott and Zawadzi in 1980.27 This
agent, whose chemical identity is probably nitric oxide 28 iS
released from endothelial cells in response to a variety of
hormonal and physical factors. Because the half-life of ni-
tric oxide is so short (several seconds), it probably acts to
relax only the subjacent vascular smooth muscle cells be-
fore becoming rapidly inactivated in the circulation. Al-
though the precise role for endothelium-derived relaxing
factor in either normal or disordered cardiovascular func-
tion is still not clear, its mechanism of action is of therapeu-
tic importance because the nitrate vasodilators appear to
act by the same cellular mechanism as endothelium-derived
relaxing factor.
A potent endothelium-derived vasoconstrictor, en-

dothelin, has also recently been discovered.29 This 21-
amino acid peptide, a close relative of the asp venom toxin,
sarafotoxin 6B, is released from cultured mammalian endo-
thelial cells by thrombin, increased intracellular Ca2+, and
possibly by physical forces acting on the cell surface. Like
endothelium-derived relaxing factor, endothelin does not
appear to circulate significantly, but rather may act directly
on the subjacent vascular smooth muscle cell to cause con-
traction.

Hypertrophy and Hyperplasia of Vascular Smooth
Muscle Cells

Arteries and arterioles from persons with hypertension
have long been known to contain an increased mass of vas-
cular smooth muscle cells. In some vessels, this is due to
hypertrophy of existing smooth muscle cells, while in oth-
ers it is due to an increased number of cells (hyperplasia).30
Whether it be associated with hypertrophy or hyperplasia,
increased DNA synthesis in vascular smooth muscle cells is
a prominent early feature of all forms of hypertension (Fig-
ure 3).31 Although hypertrophy of blood vessels is often
thought to be a cellular response to elevated pressures, there
is considerable evidence that DNA synthesis can occur be-

fore the increase in pressure in some experimental models.
For example, Carlier and associates found that DNA syn-
thesis peaked at four days after one-kidney, one-clip hyper-
tension was induced, long before the maximal blood pres-
sure is reached.32 Over the next two to three weeks, DNA
synthesis fell towards control levels. Loeb and colleagues
also found that DNA synthesis preceded the onset of hyper-
tension in the two-kidney, one-clip model.33 Thus, cell pro-
liferation may play a crucial role in maintaining hyperten-
sion that is established by a wide range of causes.

What is the stimulus to hypertrophy or hyperplasia of
vascular smooth muscle cells in hypertension? While this
question has still not been answered, several possibilities
have clearly emerged as the result of recent research on the
biology of platelets, endothelial cells, and vascular smooth
muscle cells themselves. These possibilities include a direct
effect of wall stretch on cell growth, circulating mitogenic
factors, the release of mitogenic factors by endothelial cells
or platelets, and autocrine or paracrine regulation of growth
by the smooth muscle cell itself.

Increased wall tension appears to play a role in the devel-
opment of vascular hypertrophy in hypertension. In several
experimental models, it has been found that a reduction of
the blood pressure by various means will reduce or reverse
the vascular hypertrophy. Stretch has been found to greatly
enhance the production of a variety of extracellular matrix
components in vascular smooth muscle.34 Regional blood
flow may also be a determinant of vascular wall thickness.
Thus, physical factors that normally play a role in the mod-
eling of vessel thickness may cause pathologic changes
when the blood pressure becomes abnormally high.

Humoral factors involved in the development of hyper-
tension could also exert a direct influence on the growth of
vascular smooth muscle cells. In general, it has been diffi-
cult to separate the direct effects of humoral factors from
those caused by hypertension itself. There is some evidence
for a role of renin and angiotensin in vascular hypertrophy.
Plunkett and Overbeck found that in coarctation hyperten-
sion, vascular hypertrophy was demonstrable in a normo-
tensive bed below the level of the coarctation,35 but there is
as yet no general agreement on this point. Angiotensin does
exhibit growth factor activity against cultured vascular
smooth muscle cells, but it is probably not a potent mito-
gen. On balance, the role of renin and angiotensin in the
development of vascular hypertrophy is probably limited.
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Figure 3.-The distribution of 3H-thymidine is shown in medial smooth muscle
cells of a small muscular artery from a rabbit with hypertension induced by
coarctation of the aorta. DNA synthesis is demonstrated in smooth muscle cells
throughout the thickness of the media. After autoradiography, slides were
stained with hematoxylin and eosin (from Bevan3).
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Other circulating factors could also play a role in the devel-
opment of vascular hypertrophy. Catecholamines stimulate
the proliferation of vascular smooth muscle cells,36 and in-
nervation by sympathetic nerves appears to be an impor-
tant trophic factor in blood vessels. Serotonin is also a po-
tent mitogen in vascular smooth muscle cells.37 Thus, any of
various circulating factors could play a role in the develop-
ment of vascular hypertrophy.

New information suggests that local factors in the vas-
cular wall play perhaps an even more important role than
humoral factors in the control of smooth muscle cell prolif-
eration. Local damage to the endothelial cell layer can lead
to the activation of platelets with the release of platelet-
derived growth factor, epidermal growth factor, serotonin,
and transforming growth factor-,3, all of which have mito-
genic activity. Prostaglandins and thromboxanes may also
play a role in the proliferative response. Endothelial cells
themselves can be stimulated to release mitogenic factors,
including the B chain of platelet-derived growth factor, fi-
broblast growth factor, and endothelin. Both platelet acti-
vation and endothelial damage are prominent early features
of hypertensive damage to the vascular wall. Thus, factors
produced by these highly reactive cells are likely to play a
role in the pathogenesis of vascular hypertrophy.

Last, the vascular smooth muscle cell may respond ab-
normally in the hypertensive state. The smooth muscle cell
is capable of producing growth-promoting (platelet-derived
growth factor, insulin-like growth factor I, and interleukin
1) and -inhibiting (heparin) substances. Thus far, little is
known about what regulates the synthesis of these sub-
stances in vivo. An abnormal in vitro proliferation of
smooth muscle cells from spontaneously hypertensive rats
is well documented, however.38 In part, this increased prolif-
eration may be due to a hyperresponsiveness to growth fac-
tors. Thus, there is the possibility that hypertension could
be induced or maintained by a primary smooth muscle ab-
normality.

The foregoing discussion is neither an all-inclusive cri-
tique of the existing theories of the pathogenesis of hyper-
tension nor a clairvoyant vision of future research in the
field. I have tried to show that substantial arguments can be
built against some of the existing major theories for the
pathogenesis of hypertension and that an infusion of new
thinking is needed. Only time and more hard work will
reveal the answers in this exciting field.
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